The modified distinct element method (MDEM), an improvement of the distinct element method which analyzes discontinua only, was used in a simulation analysis of the process by which magma rises from its subterraneam core and erupts.
Introduction
We considered the case in which cracks and crevices exist in subsurface geological features, and reasoned it is better to analyze them as discontinuous bodies. An analysis of the process of a volcanic eruption was made based on this assumption. The method used was the DEM, to which the pore spring proposed by Iwashita and Hakuno (1990) had been introduced, and which had been slightly modified. As for the pore spring proposed by Iwashita and Hakuno (1990) because the effect of the turning of an element is not accounted for in DEM, after the breakdown of the ground there were some elements which showed unnatural behavior among those greatly displaced. Therefore a pore spring in which the effect of the turning of an element is taken into account has been proposed, and a more realistic simulation attempted.
Theory of the DEM and the Modeling of the Ground

Outline of the DEM
The DEM is a method for dealing with discontinuous bodies that differs from the techniques for analyzing continua such as the finite element (FEM) and boundary element (BEM) methods. That is, it is a method of analysis suitable to media that are composed of unit elements, each of which is relatively independent. In the DEM, each element is regarded as a rigid body, and it is assumed that deformation of an element occurs only at a contact point with another element and that the transmission of force between particles takes place at this contact point. The Voight type model composed of an elastic spring and a dashpot is used for the dynamic model of the contact point. An independent equation of motion for each element is established, and each is solved progressively step-by-step according to the time history, thus allowing the motion of the elements to be followed.
When Cundall (1971) proposed the DEM for analyzing the behavior of the bedrock on which joints were formed, polygons were used as the elements. The bedrock was divided into blocks using the joints as the borders, the blocks being represented with polygons. The analysis was made on the assumption that when the apex and side come in contact, force is transmitted.
With polygonal elements, however, judgement of contact is complex; moreover, much information is required to show a polygon. Consequently, an analysis that uses many elements is restricted by the capacity of the computer and by the time required for computation. Kiyama and Fujimura (1982) resolved this problem by making the elements circles, which require only the coordinates of the center and radius as to represent the position and shape, and circles are very easy to treat geometrically. By the use of these circular elements, the large-capacity and fast DEM analysis has become feasible. We also used circular elements in this study. When angular particles are modeled as circles or spheres, snagging due to the angular parts vanishes, and the deformation resistance of the granules as a whole becomes small. But, when large deformation occurs, it is assumed that the angular parts break due to the stress concentration and the granules approach spherical form. Accordingly, we did not regard the angular portions to be constituents of the granules, but to be pore springs which break under great stress.
2.1.1 Basic concepts In the DEM, granules basically are treated as a collection of rigid bodies. And it is assumed that the linearity and nonlinearity of the object as a whole can be expressed by supposing an elastic spring, a viscous dashpot, a slider, etc., at the contact points of the elements. The equation of motion for an arbitrary element is contact is expressed by
where
2.1.3 Force acting between elements The line connecting the centers of elements I and J is considered to be the normal direction of contact. With element I as the basis, the angle that this line makes with the X-axis is denoted by o (positive counterclockwise) (Fig. 2) 
where mi is the mass of element I, and g is the acceleration of gravity. The term mig shows that gravity acts in the Z-direction. 2.1.4 Acceleration, velocity, and displacement of elements On the basis of Newton's law, the acceleration at time t is 
The velocity at time t is obtained by integrating the acceleration determined by the above equations.
[
when determining displacement, Cundall has used an integration formula of the Euler type, we have used the trapezoid law, (for which errors are smaller and accuracy is higher).
[ When pore springs are set up, the lengths are the natural length, and the relative positions of the elements at this time are memorized. When the relative positions of the elements change, the resistance of the pore springs acts.
Criterion for the breakdown of pore springs
When an external force acts on the material in pores which were stable in the initial state, and the elements are displaced, tensile and shearing deformations arise, and cracks occur. On cracking, the material in the pores loses its resistance to tension, and only when compressive force acts can the pores resist that force and shearing deformation. Therefore, a criterion is established for the time when cracking appears in the pore material: when the pore springs are broken.
The relative position vectors of elements I and J when the pore springs are set up (times 0 and t) are denoted by d and b (Fig. 5) . i) Criterion for breakdown in the normal direction When elongation of a pore spring at time t exceeds a specific ratio to its natural length, the pore spring breaks down. As the value showing the ratio at that time, DCR2 is used: 
Force acting on pore springs
The relative displacement, c, of elements I and J for which pore springs are set up is the compound of pore spring elongation in the normal and shear directions (Fig. 5) ; therefore, c is analyzed into the component parallel to b, cn, and cs. cn is considered to represent elongation of a pore spring in the normal direction and cs to represent that in the shear direction. cn and cs are expressed by
The turning of the elements is now introduced, which gives the effect on the pore spring in the shear direction. When the vector showing elongation of the pore spring in the shear direction when turning is taken into account is denoted by cs', and the spring in the shear direction turns counterclockwise, cs' becomes
whereas, at the time of displacement clockwise it is 
When tension acts, the springs cannot resist tension and shearing deformation anymore.
Sum of the acting forces
By analyzing in the directions of the x axis, z axis and turning, the forces acting on the respective pore springs can be determined and summed and, just as in the case of the element springs, the resultant forces acting on the respective elements can be calculated.
Parameters
The details of the method for determining the various parameters in the DEM are given in Meguro and Hakuno (1989) . The parameters for the ground model used in this study are shown in Table 1 . These parameters were determined by assuming that the P wave velocity in the ground model is about 80.8 (m/s) and that even though the element springs and pore springs constitute a complex network and the ground system as a whole becomes stiff, this becomes considerably weak ground. This is because when the velocity of wave propagation is fast, the waves go beyond adjoining elements during one time-step, and the reaction cannot be evaluated well. To prevent this, shortening the intervals between the time steps consumes an enormous amount of time.
3. Process of Volcanic Eruption 3.1 Modeling the volcano A volcano was modeled by making a hole 3m wide at the center of the lower wall element in a ground model packed as shown in Fig. 6 by assuming the semicircular part of the 1.5m radius in the upper part of that hole to be magma, and in the lower part of the hole, by taking elements out of part of the ground model and re-arranging them as magma elements. The rigid wall confines the packed elements; therefore, it would have some amount of effect on the simulation results at the viewpoint of elastic wave reflection and static deformation; however, we cannot estimate the amount of the effect quantitatively. The number of the internal elements was 3,967, the pore springs being arranged as shown in Fig. 7 . For the magma elements, the pore springs were not considered. The element radius of the model was decided by the Log-Normal random number. In this model, the elements representing magma are penetrated by displacement control. These elements are set free as soon as they enter the internal region, and the analysis of their behavior is similar to that of the elements in the internal region. The penetration speed was assumed to be 1m/s up to 8s, 2m/s thereafter until 14s, and 4m/s up to 20s. The change of the penetration speed was made for saving computation time and the speed was not taken based on the observed data.
And when the analysis reached 20s, the radii of the magma elements (drawn with thick lines in Fig. 8 ) were magnified at once to 1.25 times, and a large force was applied between the elements, in order to simulate the explosion that takes place during a volcanic eruption.
Analytical results
Results of the simulation for 20s after the penetration of magma began are shown in Fig. 9(a), (b) . The magma elements that penetrate the ground extend as if by osmosis, and as seen in the figure showing pore spring distribution, the breakdown of the springs is gradual and develops obliquely upward until a fissure appears at ground surface (9.5s). Then along the ground surface, several slip lines that extend from the magma appear (19s). The magma elements do not go straight upward from the bottom hole. This might be because the initial position and radius of particles are determined stochastically, therefore, the produced stress was not symmetrical and the crack on the surface was not produced at the center.
The volcano model after 20s of eruption is shown in Fig. 10 . Every 4m of penetration, a striped pattern of the elements is shown. The magma elements, the radii of which were magnified suddenly to 1.25 times, are shown as darker than the others in Fig. 11 . Element distribution after eruption is shown in Fig. 12 . With the eruption of the magma, the ground around the crater was blown away. This material is considered to become volcanic bombs and volcanic ash that fall to the surface of the ground causing extensive damage. CPU time of 1s simulation was approximately 1 h.
Conclusion
Many cracks exist in subsurface geological features. Using a modified distinct element method, we could simulate the way in which magma rises from subterranean base to horizontal subsurface strata, forming cracks which become eruption holes at ground surface then forming a volcanic cone with slip lines reaching from the cone to the magma core. By the sudden enlargement of the diameter of the particles in the top portion of the magma, the pressure rise and its link to the eruption could be simulated, but the possibility remains that the way of considering the spring constants, adhesion and other coefficients would effect the results of the numerical analysis.
Hereafter, studies of which coefficients are most suitable for reproducing the actual phenomena are needed. Gas and heat would also affect the numerical results and it is an important study in the near future to make up the new DEM which takes a ccount of their effects.
